A low Reynolds number wind turbine blade model based on the S809 airfoil was tested in a subsonic wind tunnel to study the structural vibration of the blade under dynamic pitching maneuvers. Piezoelectric-based synthetic jet actuators were embedded inside the blade and activated with a synthetic jet momentum coefficient, C μ of 2.30 × 10 −3
There are primarily two control methods to keep blade loads within acceptable limits. Stall regulation maintains the blade pitch fixed and operates the turbine at a near constant rotational speed. As the wind speed increases, the angle of attack increases causing the blades to eventually stall resulting in a decrease in lift and an increase in drag, yielding a lower tangential load. The other more effective method to reduce blade loads utilized in modern wind turbines is variable rotational speed and individual blade pitch control, and whereby a large actuator mechanism is connected to each blade and controlled independently. In addition to regulating blade loads, individual blade control is principally used to limit output power and torque in above-rated wind speeds in order to keep turbine operation within its design limits. While this type of control method has the ability to respond sufficiently to changing wind speeds (due to blade rotation) and thus asymmetric aerodynamic loading at each blade at a relatively slow once-per-revolution manner, it cannot respond to higher frequency atmospheric phenomena such as turbulence, wind gusts, and wind shear. Gusts can result in a sudden increase in the blade effective angle of attack, which can yield high unsteady loads on the blade leading to structural failures. These loads are often unavoidable due to the slow response of conventional pitch control actuators in decreasing the angle of attack; hence the development of locally distributed high bandwidth flow control actuators with built in intelligence embedded on the blades is needed.
In recent years, there have been numerous studies on the application of active flow control with piezo-bimorph actuators and/or MEMS (Micro Electrical Mechanical Systems) for active performance enhancement, including load and vibration reduction of wind turbine blades. Most of these studies aim at the feasibility of manipulating aerodynamic loads using such actuators attached to control surfaces (typically near the trailing edge of the blade) commonly referred to as flaps, micro tabs, etc. The use of micro tabs as aerodynamic devices for load control on wind turbine blades has been extensively investigated by van Dam [1] [2] [3] [4] , where active micro tabs deployed near the trailing edge on the suction surface of a blade have the ability to reduce the lift and therefore loads on the blade. Wingerden et al. [5] showed a proof of concept study of a 'smart' 3-D rotor blade with trailing edge flaps and a feedback controller for load control.
Research on this topic has also been performed in wind industry where trailing edge flaps [6] [7] [8] [9] [10] [11] [12] and MEMS tabs [13] have been used for load alleviation including their feasibility on a rotating blade, Buhl et al. [12] .
The field of active flow control in general (including the use of piezoelectric driven synthetic jets and blowing and suction mechanisms) is not new, and has generated an extensive amount of research findings where most of the focus has been largely on control of separation. Separation control using synthetic jets has recently been demonstrated as a viable means to reduce wind turbine blade structural vibration, Maldonado et al. [14] by exploiting the narrow-band receptivity of the separating shear layer and the upstream boundary layer to external actuation. Previously, Oster and Wygnanski [15] and Roberts [16] showed that V. Maldonado, S. Gupta the actuation can affect the global flow field by modifying the evolution and interactions of the large-scale vortical structures. These modifications can lead to a Coanda-like deflection of the separating shear layer towards the surface, such that the layer vortices are advected downstream in close proximity to the surface as studied by Seifert et al. [17] .
As discussed by Maldonado et al. [14] , this approach was implemented to improve the aerodynamic performance of stalled airfoils and flaps [17] [18] [19] .
Seifert et al. [17] and Wygnanski [20] As reported by Maldonado et al. [14] , another approach to control the flow is based on fluidic modification of aerodynamic lifting surfaces using embedded synthetic jets that are activated at high frequencies typically about an order of magnitude higher than the characteristic frequencies of the flow. [25] demonstrated that flow separation at high angles of attack can be mitigated by using synthetic jets that tailor the apparent surface curvature thereby modifying the distribution of the streamwise pressure gradient in advance of separation. For more information on flow control techniques for wind turbine blade applications, the reader is referred to a review book chapter by Maldonado [26] .
Motivation and Objectives
The majority of the literature concerning wind turbine blade load and vibration reduction using blade distributed active flow control techniques deals with the deflection or deployment of aerodynamic control surfaces. However, these techniques can be overly mechanically complex to implement and/or not very efficient, i.e. the power needed to apply the control is of the same magnitude as the improvement. The objective of the present paper is to reduce a wind turbine blade model's structural vibration in a wind tunnel by efficiently controlling the blade's aerodynamic characteristics along its span for dynamic blade pitch maneuvers under the influence of dynamic stall conditions. This will be accomplished by spatially distributed arrays of mechanically simple, low power con-V. Maldonado, S. Gupta sumption synthetic jets near the leading edge for separation control, which in turn affects vibration due to suppression of the separating boundary layer. The orifices are oriented horizontally and are co-linear as shown, creating a two-dimensional synthtic jet velocity profile with no preferred vortex rotation relative to its neighboring synthetic jet. This orifice oritentation matches that of a previous study by the author [28] in order to keep some synthetic jet variables the same and make a more approprate comparison of flow control effectiveness.
Experimental Methodology

Active Flow Control Technique
The synthetic jet based flow control system consists of 20 spatially distributed the actuation frequency, thereby affecting the coherent structures of the separating shear layer and causing some degree of flow reattachment.
According to Maldonado et al. [14] , the strength of the synthetic jets (relative to the momentum of the external flow) is quantified using the momentum coefficient, C µ , defined as the following:
where U ∞ is the free stream velocity, A w is the blade area, ρ is the density, and n is the number of synthetic jets activated. j I is the time-averaged synthetic jet momentum calculated during the blowing portion of the actuation cycle, defined as:
where τ is the synthetic jet outstroke time, A sj is the area of the synthetic jet orifice, and u j (t) is the centerline velocity at the jet exit plane. The time-averaged jet moment is defined only for the outstroke part of the cycle and is normalized by the momentum of the external flow (for more details see Smith and Glezer [29] ).
For the experiments presented in this paper, the momentum coefficient C µ was calculated as 2. 
Experimental Setup and Instrumentation
The . The Reynolds number is defined as:
where U ∞ is the free stream velocity, c is the mean aerodynamic chord of the V. Maldonado, S. Gupta blade and ν is the kinematic viscosity of air at sea level temperature.
Results and Discussion
The effect of flow control on the structural vibration and mean flow of the wind turbine blade is investigated using strain gauge and SPIV techniques. In the first section, the effectiveness of the synthetic jets in reducing vibration under dynamic pitch conditions is explored. The global flow field measurements on section two reveal the impact of dynamic stall and the capacity for flow control to improve flow reattachment as a method to mitigate blade vibration. The flow field measurements were acquired for a sinusoidal pitch maneuver composed of multiple phase locked SPIV images along the sinusoidal pitch motion cycle.
Active Vibration Control
The mitigation of blade structural vibration is fundamentally correlated to the extent of flow re-attachment (for a stalled blade at post-stall angles of attack) as a result of synthetic jet actuation. The suppression or delay of the separating boundary layer via actuation prevents the formation of rotational flow next to the surface of the blade, which excites the blade at its fundamental structural resonance frequency [14] . As the angle of attack is further increased beyond stall, the rotational flow region thickens and increases in intensity. This is often accompanied by the shedding of a shear layer which passes over the region of recirculating flow and forms a wake, which leads to further and higher amplitude vibration of the blade.
When the blade undergoes dynamic pitching motion near the static stall angle of attack, the scenario above becomes more complicated as flow separation is now unsteady. Unsteady separation markedly varies the flow and aerodynamic properties of the blade such as the pressure gradient, lift, drag, and pitching moment around the separation point. These effects are part of a phenomenon is observed is when the angle of attack is increased, the onset of flow separation is delayed to an angle higher than the static stall angle, and, due to the shedding of a strong vortical structure from the leading edge which remains over the blade during a significant portion of the pitch up cycle, produces elevated values of lift.
However, when the angle of attack decreases, flow re-attachment is found to be delayed to an angle of attack lower than the static stall angle. This leads to a significant hysteresis in the aerodynamics loads and thus vibration of the blade between the pitch up and down motion. In the experiments described below, synthetic jet flow control is used to mitigate blade vibration for unsteady separation conditions.
Blade Structural Vibration
The unsteady blade tip deflection time histories and mean tip deflection amplitudes were acquired for a series of dynamic pitch maneuvers that include linear "pitch up and down" as well as "sinusoidal pitch" at different reduced frequencies, defined as follows; k = ωc/2U ∞ . Where, ω is the pitch rate of the blade in rad/s, and c is the mean aerodynamic chord of the blade. Figure 3 , however the mean tip deflection (prior to stall) is removed. Plotting the unsteady tip deflection amplitude places emphasis on the fluctuating component of the vibration (as opposed to the mean tip deflection and thus time averaged loads) which gives rise to cyclic loads which are a greater concern in maintaining the structural integrity of wind turbine blades. These results clearly demonstrate the precise locations during the pitch motion when sinusoidal actuation offers reduced tip deflection amplitude and when it intensifies vibration.
Another dynamic pitch maneuver studied was the "sinusoidal pitch", in which the blade was pitched according to a sinusoidal function about a mean angle of attack, α m and an angle of attack amplitude, α a . Figure 5 the cycle. This suggests a hysteresis effect not only between the pitch up and down motions, but also between the first set of pitch up and down, and pitch down and up motions.
Mean Global Flow Measurements
To investigate the hysteresis effect in terms of the degree of flow separation on the suction surface of the blade, the global mean flow field was measured using phase-locked (to the pitch frequency) SPIV for the case presented in Figure leading edge vortex that interacts with the boundary layer and developing shear layer. Moreover, a large laminar separation bubble is formed for the baseline case at α =17.5˚ (Figure 8(c) ) near the location of the synthetic jet that is not present and perhaps mitigated with flow control. The size of the primary recirculating structure is also smaller and contained closer to the suction surface compared to the forced case (Figure 8(f) ), suggesting that flow control promotes separation during the pitch up maneuver at α = 17.5˚.
Conclusion
The implementation of a synthetic jet based flow control system for a low Rey- 
